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a b s t r a c t 
In this research, large-scale molecular dynamics (MD) simulations were conducted to study the 
ﬂuid dynamics inside the endothelial glycocalyx layer. A work ﬂowchart regarding constructing the 
ﬂow/glycocalyx system, undertaking production simulation using the MD method and post-processing 
was proposed. Following the ﬂowchart, physiological and accelerating ﬂow cases were simulated to reveal 
velocity and shear stress distributions over the dendritic (tree-like) structure of the glycocalyx, thereby 
contributing to understanding of the inﬂuence of biomolecular complex structures on ﬂow proﬁles. Be- 
sides, the selection of thermostat algorithm was discussed. Results have shown that when the forcing is 
below a critical value, the velocity ﬂuctuates around a zero mean along the height in the presence of the 
dendritic glycocalyx. When the forcing is larger than a critical value, the bulk ﬂow was accelerated exces- 
sively, departing from the typical physiological ﬂow. Furthermore, distributions of shear stress magnitude 
among three sub-regions in the ectodomain indicate that shear stress is enhanced near the membrane 
surface but is impaired in the sugar-chain-rich region due to the ﬂow regulation by sugar chains. Finally, 
comparisons of velocity evolutions under two widely used thermostats (Lowe-Andersen and Berendsen 
thermostats) imply that the Lowe-Andersen algorithm is a suitable thermostat for ﬂow problems. 
© 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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0. Introduction 
Human metabolism requires exchange of materials between cir-
ulating blood and tissues. The material exchange occurs across
 thin layer of endothelial cells located in the luminal surface of
he blood vessels, known as the endothelium. The endothelium
ells line the entire vascular network, from the wide heart arter-
es to the smallest capillaries [1] . The glycocalyx, a network of
embrane-bound proteoglycans and glycoproteins, is located on
he apical surface of vascular endothelial cells and is the ﬁrst bar-
ier in direct contact with blood [2] . The endothelial glycocalyx
ayer is related to many cardiovascular and renal diseases or ill-
ess, such as diabetes [3] , ischemia/reperfusion [4] , and atheroscle-
osis [5] . 
Electron micrograph of endothelium shows that the endothe-
ial glycocalyx features its dendritic (tree-like) structure [6,7] and
s exposed to the blood ﬂow. To better understand the pathologies
f glycocalyx-related cardiovascular diseases, the ﬂow proﬁle un-
er the dendritic structure of the glycocalyx should be resolved.∗ Corresponding authors. 
E-mail addresses: xizhuo.jiang.14@ucl.ac.uk (X.Z. Jiang), k.luo@ucl.ac.uk (K.H. 
uo), y.ventikos@ucl.ac.uk (Y. Ventikos). 
p  
ﬂ  
ﬂ  
F
ttps://doi.org/10.1016/j.compﬂuid.2018.03.014 
045-7930/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article u
Please cite this article as: X.Z. Jiang et al., Large-scale molecular dyna
glycocalyx, Computers and Fluids (2018), https://doi.org/10.1016/j.compowever, few ﬁrm conclusions about ﬂow proﬁles in the presence
f complex structures can be obtained from classic ﬂuid mechan-
cs and experiments. Therefore, researchers turn to computational
ethods for new insights. 
One of the most powerful computational in silico techniques is
olecular dynamics (MD) simulation, which can provide the tra-
ectories of all atoms by solving Newton’s Second Law of Motion.
lthough MD simulations have contributed to contemporary un-
erstanding of the glycocalyx, the lack of structural information of
he glycocalyx has impeded the ﬁeld for a long period. Not until
ecently was the most detailed structural information of the gly-
ocalyx [8] published, which provides the feasibility to thoroughly
tudy the ﬂow structures in the presence of the complex conﬁgu-
ations of the glycocalyx. 
In this research, large-scale molecular dynamics simulations
ill be conducted to study the ﬂow proﬁle under the dendritic
tructure of the endothelial glycocalyx. Work ﬂowchart regarding
rocedure of establishing ﬂow/glycocalyx system, conducting sim-
lations using the MD method and post-processing will be ﬁrst
roposed. Following the ﬂowchart, physiological and accelerating
ow cases will be undertaken to provide new insights into the in-
uence of biomolecular structural conﬁgurations on ﬂow proﬁles.
inally, selection of thermostat algorithm will be discussed. nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Initial conﬁguration of the all-atom glycocalyx-ﬂow system and perspective view of the simulation box. (a) Initial conﬁguration. The system includes 3 Syn-4 dimers 
as proteoglycan, 18 sugar chains attached on the apexes of Syn-4 dimers and a lipid bilayer. External forces are imposed in the x direction on the water molecules in the 
ectodomain. Water molecules and ions are not shown. Graphene layers are added at the top to prevent the water molecules propagating from ectodomain to the cytoplasm 
due to the periodic boundary conditions. In Panel a, h wg , h d and h f represent the heights of near wall region, dendritic region and ﬂow region, respectively. (b) Perspective 
view of the simulation box. An illustration of a bin used for post-processing is also provided. 
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u  For the ﬁrst time, the ﬂow and glycocalyx interactions are stud-
ied under both typical physiological and accelerating (like in a dis-
ease situation) ﬂow situations. This research will contribute to the
study of ﬂuid mechanics by unveiling the ﬂow behaviour in the
presence of complex boundaries with moving soft structures. It
also contributes to biomedical research through a better under-
standing of ﬂow under normal and diseased situations that would
affect the function of glycocalyx, potentially leading to therapeutic
strategies for glycocalyx-related cardiovascular diseases. 
2. Methods 
2.1. System construction 
The current most detailed structure of glycocalyx [8] has been
adopted to build the ﬂow/glycocalyx system [9] . In the system,
Syndecan-4 (Syn-4) proteoglycan and heparin sulfate (HS) sugar
chains are selected to model the glycocalyx. The glycocalyx struc-
ture can be divided into three parts: Syn-4 ectodomain linked with
sugar chains; Syn-4 transmembrane dimer embedded into a lipid
bilayer; and Syn-4 cytoplasmic dimer. 
The initial conﬁguration of the glycocalyx-ﬂow system is il-
lustrated in Fig. 1 a. The whole space is divided into two com-
partments by the lipid bilayer. Above the lipid bilayer is the
ectodomain, representing the lumen where ﬂow passes by. This
region contains HS sugar chains, Syn-4 ectodomain in connection
with HS sugar chains, water molecules and ions. Below the lipid
bilayer is the cytoplasm, representing the inner space of the cell,
which is ﬁlled with Syn-4 cytoplasmic protein, water molecules
and ions. All the biomolecules are solvated and ionized to 0.1 M
NaCl aqueous solution. In the follow-on simulations, the periodic
boundary conditions are applied to all the three directions. The ap-
plication of the boundary conditions would cause water molecules
to propagate from the upper boundary of the ectodomain to the
lower boundary of the cytoplasm, and vice versa. This propagation
would disturb the micro environment of the ectodomain and thePlease cite this article as: X.Z. Jiang et al., Large-scale molecular dyna
glycocalyx, Computers and Fluids (2018), https://doi.org/10.1016/j.compytoplasm. Thus, to prevent the disturbance, ﬁxed graphene layers
re added on the top of ectodomain. This practice has also been
dopted in Cruz-Chu’s study [8] . 
In the system, three proteoglycans which individually consist of
ne Syn-4 dimer are embedded in the lipid bilayer. Each proteogly-
an has six sugar chains attached on the dimer apexes. To mimic
ow, external forces are imposed on the water molecules in the
ctodomain. The simulation box is a hexagonal prism with an area
f 820 nm 2 and height of 72 nm ( Fig. 1 b). The glycocalyx-ﬂow sys-
em comprises 5,80 0,0 0 0 atoms in total. 
.2. Work ﬂow 
A typical work ﬂow to study ﬂow problems using MD simula-
ions can be divided into three procedures, as illustrated in Fig. 2 .
quilibrium should be ﬁrst reached to ensure structural stability of
he biomolecules, before ﬂow simulations are conducted. External
orces are then imposed to water oxygens in the ectodomain to
imic the blood ﬂow in the lumen. The order of physiological val-
es of velocities for endothelial glycocalyx layers is expected to be
m/s to cm/s [10] . Thus, to generate physiological velocity, itera-
ions of forces are required. When the time-evolution of the result-
ng bulk ﬂow velocities is in physiological ranges, post-processing
ncluding the distributions of velocities and shear stresses is con-
ucted for further data analysis. The packages or platforms in-
olved in the ﬂowchart for this research are also listed in Fig. 2 . 
.3. Protocol details 
The TIP3P water model [11] was adopted to simulate water
olecules. A CHARMM biomolecular force ﬁeld [12] was applied
n the proteins and the lipid bilayer. Force ﬁeld parameters for
ugar chains and graphene layers were adopted from a previous
tudy [8] . 
In accordance with the work ﬂow in Fig. 2 , an equilibrium sim-
lation with graphene layers being ﬁxed was conducted at con-mics simulation of ﬂow under complex structure of endothelial 
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Fig. 2. Work ﬂow and package/platform involved in large-scale molecular dynamics 
simulations to study ﬂow proﬁles under the dendritic structure of the glycocalyx. 
NAMD 2.9 [16] and VMD [17] are adopted. 
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stant 1 atm and 310 K (NPT ensemble), using a Langevin thermo-
tat and a Nosé-Hoover Langevin piston for 2 ns, followed by an-
ther simulation using a Langevin thermostat to maintain temper-
ture at 310 K for 0.5 ns (NVT ensemble). The last frame of the NVT
imulation was then used as the initial conﬁguration (as shown in
ig. 1 a) of the follow-up “production” ﬂow simulations. In the ﬂow
imulations, the Lowe-Andersen thermostat was selected to main-
ain the temperature at 310 K. 
In the ﬂow simulations, the velocity Verlet integration method
13] was used to advance the positions and velocities of the atoms
n time. A 2-fs timestep, and particle mesh Ewald [14] electrostat-
cs with a grid density of 1/ ˚A 3 are used. The SETTLE algorithm
15] was used to enable the rigid bonds connected to all hydro-
en atoms. The van der Waals interactions were calculated using a
utoff of 12 A˚ with a switching function starting at 10 A˚. 
All MD simulations were performed using the software NAMD
.9 [16] . The visualisation of the molecular structures was per-
ormed by the VMD [17] package. Post-processing of the MD re-
ults was accomplished using PYTHON (Python Software Founda-
ion, Wilmington, De) scripts. All parallel simulations and non-
isualised post-processing were conducted on ARCHER, UK’s na-
ional supercomputing service. To obtain a simulation result with
hysical time of 1 ns, 9,0 0 0 compute cores have been simultane-
usly employed for about 2 hours. 
.4. Binning and geometric division 
To investigate the spatial distributions of ﬂow velocity and
hear stresses, a space with 50 nm height in the ectodomain
s sliced into 25 equal bins ( Fig. 1 b). The height origin of the
ctodomain space is determined by the average positions of heavy
toms (nitrogen and phosphor atoms) of the upper lipid heads,
hich has been reported in Ref. [9] . Within each bin, the ﬂow ve-
ocity and shear stresses are to be calculated. Please cite this article as: X.Z. Jiang et al., Large-scale molecular dyna
glycocalyx, Computers and Fluids (2018), https://doi.org/10.1016/j.compTo include the effects of biomolecules on ﬂow, the ectodomain
f the system is divided into three sub-regions along the z direc-
ion in terms of molecule varieties therein: near wall region (wg),
endritic region (d) and ﬂow region (f). The near wall region, start-
ng from the upper surface of the lipid bilayer and ending at the
pex of Syn-4, contains Syn-4 ectodomain, a few sugar chains, wa-
er molecules and ions. The dendritic region, from the apex of Syn-
 to the furthest end of the sugar chains and containing sugar
hains, water molecules and ions, features its tree-like structure.
he ﬂow region, above the dendritic region, only includes water
olecules and ions. The dimension of each sub-region is deter-
ined by the steric information of hallmark biomolecules during
he 30-ns physiological simulation. The heights of the near wall
ub-region and the dendritic sub-region are 12 ( h wg in Fig. 1 a) and
6 nm ( h d in Fig. 1 a), together with h f equalling 50 nm as desig-
ated. 
.5. Calculations of shear stress component and magnitude 
The focus of our attention in this research is one component of
he stress tensor- the shear stress on the plane normal to x -axis in
he z direction- τ , which is calculated by Eq. (1) 
= μ∂ v x 
∂z 
(1) 
here μ is the viscosity of the TIP3P water model (0.321 mPa s)
18] ; and ∂ v x / ∂ z is the gradient of the x velocity along the z axis . 
Discrete form by the forward difference method is used to cal-
ulate the shear stress in Eq. (1) , as shown in Eq. (2) . 
i = μ
v x,i +1 − v x,i 
z i +1 − z i 
(2) 
here index i (0 < i < 25) represents the i th bin deﬁned in
ection 2.4 , and the denominator, indeed, is the height of each bin
2 nm). 
The shear stress in each sub-region ( τwg , τ d , and τ f ) is then
alculated by averaging bin shear stresses therein. For example, the
ear-wall region is 12 nm in height and contains 6 bins. For a cer-
ain instant, the average shear stress in the near-wall region, τwg ,
s calculated as 
wg = 1 
5 
5 ∑ 
i =1 
τi (3a) 
Analogously, average shear stresses in the dendritic and ﬂow
ub-regions are calculated by Eqs. (3b) and ( 3c ), respectively. 
d = 
1 
11 
17 ∑ 
i =7 
τi (3b) 
f = 
1 
6 
24 ∑ 
i =19 
τi (3c) 
Correspondingly, the magnitudes of the three sub-regional
hear stresses are obtained by Eqs. (4a) –( 4c ). 
 
τwg | = 
∣∣∣∣∣
1 
5 
5 ∑ 
i =1 
τi 
∣∣∣∣∣ (4a) 
 
τd | = 
∣∣∣∣∣
1 
11 
17 ∑ 
i =7 
τi 
∣∣∣∣∣ (4b) 
τ f 
∣∣ = 
∣∣∣∣∣
1 
6 
24 ∑ 
i =19 
τi 
∣∣∣∣∣ (4c) 
For both physiological and accelerating ﬂow cases, the sub-
egional shear stresses are recorded every 0.1 ns, thus shear
tresses at every instant in each sub-region constitute an array. mics simulation of ﬂow under complex structure of endothelial 
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Fig. 3. Velocity evolutions under varying external forces. (a) Velocity evolution for a steady ﬂow with physiological velocity values and the external force on each water 
oxygen atom being 0.003 fN. (b) Velocity evolution for accelerating ﬂow with the external force on each water oxygen atom being 0.01 fN. 
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l  3. Results 
3.1. Velocity evolutions 
To generate a physiological ﬂow, we ﬁrst hierarchically de-
creased the external force on every oxygen atom of water
molecules in the ectodomain. Results showed that, with external
forces of 0.0 02 fN–0.0 035 fN, the average bulk ﬂow velocity in the
x direction, v¯ x , assumes values of a few cm/s, as expected. There-
after, we selected 0.003 fN as the external force, and prolonged
the ﬂow simulation time to 30 ns for further extensive data ex-
ploration. An accelerating ﬂow case with external force of 0.01 fN,
aiming to explore abnormal scenarios in human bodies, was also
included in this research. The accelerating case was conducted for
a physical time of 15 ns, for v¯ x in the last 5 ns is approaching 1 m/s
(as shown in Fig. 3 b) which is typical for most abnormal situa-
tions [19] . Both ﬂow cases share a common initial conﬁguration.
As shown in Fig. 3 a, the bulk ﬂow velocity of the physiological ﬂow
case (f = 0.003 fN) ﬂuctuates around 0, which implies that the ex-
ternal force just counteracts the internal force originating from the
interactions between water and surrounding molecules. When ex-
ternal force increases to 0.01 fN ( Fig. 3 b), the external force over-
whelms the internal force, resulting in an increasing velocity trend
with time. 
3.2. Velocity distribution 
The spatial velocity distributions in the ectodomain are then
investigated. By averaging the x -direction velocities of water
molecules in each layer every 5 ns, spatial velocity distributions
along the height can be obtained. To facilitate comparisons, only
the ﬁrst 15-ns results of the physiological case (f = 0.003 fN) are
adopted in this section. As shown in Fig. 4 , velocities exhibit ﬂuc-
tuating distributions in the presence of glycocalyx for both physio-
logical and accelerating ﬂow cases, which can be attributed to con-
tinuous disturbance and steric obstacle from the glycocalyx atoms
to water ﬂow. In the accelerating ﬂow case, the acceleration of the
ﬂow with time can also be observed as bulk velocity increases. 
3.3. Shear stress distribution 
Cumulative density functions (CDFs) of the sub-regional shear
stress magnitudes for both cases are calculated in Fig. 5 a and b,
respectively. Results indicate that shear stress is enhanced in the
near-wall region with lowest cumulative density for weak shear
stress, which is consistent with previous theoretical prediction
[20] . By contrast, shear stress in the dendritic region where sugarPlease cite this article as: X.Z. Jiang et al., Large-scale molecular dyna
glycocalyx, Computers and Fluids (2018), https://doi.org/10.1016/j.comphains dominate is impaired with highest cumulative density for
eak shear stress. The shear stress distributions can be explained
y the complex conﬁguration of glycocalyx. In the near-wall region,
xtensive interactions between the lipid bilayer and the adjacent
ater molecules as well as the disturbance from the ectodomain
rotein will act through friction-like effect to the ﬂow and result
n an obvious gradient of the x velocity along the z axis within the
ayer. Further dissection of the enhanced shear stresses ( Fig. 5 c)
mplies that the friction-like effect is especially signiﬁcant for the
hysiological ﬂow case where the external and internal forces are
ell-matched. While, in the dendritic region, the ﬂexible sugar
hains dissipate the kinetic energy of the ﬂuid via frequent interac-
ions with the water molecules, thereby disturbing the motions of
ater molecules and reducing the gradient of the x velocity along
he z axis. As shown in Fig. 5 d, the energy dissipation is partic-
larly remarkable for the accelerating ﬂow case, since the proba-
ility difference aggravates as the magnitude of weak shear stress
ecreases from 0.75 to 0.1. 
. Discussion 
.1. Selection of thermostat 
Specifying the temperature in MD simulations involves using a
thermostat” that couples the system to an external heat bath. In
his research, we use the Lowe-Andersen thermostat [21] , a mo-
entum conserving and Galilean invariant thermostat, which is
dvantageous in nonequilibrium simulations [22] , like ﬂow simu-
ations. Meanwhile, the Berendsen thermostat [23] , as often used
n previous non-equilibrium MD studies [24–26] , is an algorithm
o re-scale the velocities of particles in the simulation system to
ontrol the temperature. The precise inﬂuence of thermostat meth-
ds on the MD results is still not fully understood, but previous
tudies have shown that the algorithms of thermostat can alter
he dynamics of the system with the microcanonical ensemble by
amping the diffusion and rotational motion of molecules in the
imulation [27,28] . Furthermore, different algorithms adjust parti-
le velocities in various ways, resulting in signiﬁcant discrepancies
n dynamic properties [28,29] . 
In this section, we compare average bulk ﬂow velocities from
he Lowe-Andersen and Berendsen thermostats. Six-nanosecond
esults are extracted with the external force on each water oxy-
en atom being 0.003 fN ( Fig. 6 ). As shown in Fig. 6 , average bulk
ow velocity from the Lowe-Andersen has a larger mean than its
erendsen counterpart ( p -value = 2.0 ×10 −5 by T-test). 
In the algorithm of the Berendsen thermostat [23] , particle ve-
ocities are scaled at each step so that the entire system is set tomics simulation of ﬂow under complex structure of endothelial 
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Fig. 4. Fluctuating velocity distributions along the height at consecutive instants for both physiological and accelerating ﬂow cases. 
Fig. 5. Distributions of shear stress magnitudes for physiological and accelerating ﬂow cases, and dissections of near-wall and dendritic shear stresses. (a) Cumulative 
density function (CDF) for shear stress magnitude in the physiological ﬂow case (f = 0.003 fN). (b) CDF for shear stress magnitude in the accelerating ﬂow case (f = 0.01 fN). 
(c) Dissection of enhanced shear stress in the near-wall region for both cases. (d) Dissection of impaired shear stress in the dendritic region for both cases. 
Please cite this article as: X.Z. Jiang et al., Large-scale molecular dynamics simulation of ﬂow under complex structure of endothelial 
glycocalyx, Computers and Fluids (2018), https://doi.org/10.1016/j.compﬂuid.2018.03.014 
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Fig. 6. Average bulk ﬂow velocity evolutions under Lowe-Andersen and Berendsen 
thermostats. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Typical conformations of the glycocalyx under varying external forces and 
velocity distribution from a previous study [8] . (a) & (b): Snapshots of typical gly- 
cocalyx conformations in the physiological (a) and accelerating (b) ﬂow cases. (c) & 
(d): Signiﬁcant conformational changes of the glycocalyx and velocity distribution 
in an extra-accelerating case from Ref. [8] . Reprinted with permission from Elsevier. 
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 the desired temperature. To be speciﬁc, when velocity is higher
than the value to maintain the targeted temperature, an “artiﬁcial”
force can be regarded to be imposed on the atoms to decelerate
the motions of atoms, thereby maintaining the constant tempera-
ture. The rescaling of particle velocities may account for the dete-
rioration of average bulk ﬂow velocities under the Berendsen ther-
mostat in Fig. 6 . In contrast, Lowe-Andersen dynamics is a varia-
tion of Andersen dynamics whereby the radial relative velocities of
atom pairs are randomly modiﬁed based on a thermal distribution
[21] , thus, Lowe-Andersen thermostat is independent of absolute
atom velocities. 
4.2. Flow and conformations of the glycocalyx 
Results in Section 3.2 indicate that a slightly elevated external
force on water oxygen atom only contributes to a minor increase
in bulk ﬂow velocity without modifying the ﬂuctuating spatial dis-
tribution of the velocity. A scrutiny of the conformations of the
glycocalyx biomolecules in both the physiological and accelerating
ﬂow cases ( Fig. 7 a and b) reveals no dramatic changes in glyco-
calyx conformations as ﬂow passes by. The homogeneous layouts
of sugar chains sterically disturb the motion of the ﬂow, thereby
oscillating the velocity proﬁles along the height. However, if the
external force increases to 0.001 pN, as in Ref. [8] , the layouts of
sugar chains turn to heterogeneous and signiﬁcant deformation of
the glycocalyx biomolecules can be observed ( Fig. 7 c). The corre-
sponding velocity in the upper ectodomain region (h > 25 nm) can
reach 10 m/s (External forces are only imposed on water oxygen
atoms in the upper ectodomain region in Ref. [8] ), and the bulk
velocity dominates over the ﬂuctuating velocity along the height
( Fig. 7 d). 
Cardiovascular diseases are normally associated with the shed-
ding of sugar chains [30] , and the initial conﬁguration change
caused by the shedding of sugar chains may also affect the ﬂow
proﬁles. Thus, further research regarding the ﬂow under different
initial glycocalyx conﬁgurations is of great importance. On-going
studies are undertaken to investigate the ﬂow proﬁles under situ-
ations with varying sugar chain numbers. 
5. Conclusions 
In this research, large-scale molecular dynamics simulations
were conducted to study the ﬂow over the complex structure of
the endothelial glycocalyx. A work ﬂowchart regarding procedure
of conducting ﬂow/glycocalyx simulation using the MD method
was ﬁrst proposed. Following the procedure, both the physiologicalPlease cite this article as: X.Z. Jiang et al., Large-scale molecular dyna
glycocalyx, Computers and Fluids (2018), https://doi.org/10.1016/j.compnd accelerating ﬂow cases were established. Comparisons of ve-
ocity and shear stress distributions between both cases were un-
ertaken to unveil the inﬂuence of the dendritic structure of the
lycocalyx on ﬂow proﬁles. Besides, the selection of thermostat al-
orithms was discussed. 
Results have shown that the velocity oscillates around a nearly
ero mean along the height in the presence of the dendritic glyco-
alyx. When the ﬂow forcing is large enough, the bulk ﬂow was ac-
elerated and the ﬂow ﬂuctuation was suppressed. Distributions of
hear stress magnitude among the three sub-regions indicate that
hear stress is enhanced near the lipid surface but is impaired in
he dendritic region where sugar chains gather. Furthermore, com-
arisons of velocity evolutions under two widely used thermostats
mply that the Lowe-Andersen algorithm is a suitable one for ﬂow
roblems. 
This research demonstrates the feasibility to use large-scale
olecular dynamics simulations to investigate physiologically rel-
vant complex phenomena, which complements experiments and
ontinuum-based computational methods. The results shed light
n the interactions between ﬂuid and biomolecular structures,
eading to new insights at the interface between ﬂuid mechanics
nd physiology. 
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